Leishmaniases are diseases caused by protozoa of the genus Leishmania that affect more than 20 million people in the world. The initial phase of the infection is fundamental for either the progression or control of the disease. The Leishmania parasites are injected in the skin as promastigotes and then, after been phagocytized by the host macrophages, rapidly transform into amastigotes. In this phase different nonspecific cellular and humoral elements participate. We have shown previously that insulin-like growth factor (IGF)-I that is constitutively present in the skin induces growth of Leishmania promastigotes. In the present paper we show further evidence for the importance of this factor: (i) IGF-I also can induce a growth response in Leishmania (Leishmania) mexicana amastigotes; (ii) IGF-I binds specifically to a putative single-site receptor on both promastigotes and amastigotes; (iii) IGF-I induces a rapid tyrosine phosphorylation of parasite proteins with different molecular mass in promastigotes and amastigotes of L. (L.) mexicana; and, finally, (iv) the cutaneous lesion in the mice when challenged by IGF-I-preactivated Leishmania (Viannia) panamensis is increased significantly because of inf lammatory process and growth of parasites. We thus suggest that IGF-I is another important host factor participating in the Leishmania-host interplay in the early stage during the establishment of the infection and presumably also in the later stages.
Leishmaniases are diseases caused by protozoa of the genus Leishmania that affect more than 20 million people in the world (1). The infectious cycle in the vertebrate host is initiated when Leishmania promastigotes are injected into the skin by the insect vector. In the host the promastigotes transform into amastigotes inside the macrophages where they continue proliferating. Immunity in leishmaniasis is considered mainly to be T cell-mediated (2, 3), but more and more nonspecific factors acting in the early stage of the infection have been considered as important for the outcome of the infection (3, 4) . Besides complement, polymorphonuclear neutrophils, and eosinophils (2, 5) , other growth factors or cytokines such as granulocytemacrophage colony-stimulating factor, transforming growth factor ␤, and tumor necrosis factor (6) (7) (8) (9) have been reported to participate in this phase. Macrophages and natural killer cells also have been considered important in this phase as source of interleukin-12 and interferon ␥, respectively, and thus guiding the preferential activation of T helper 1 or T helper 2 subpopulation of CD4ϩ T cells (10, 11) .
Insulin-like growth factors (IGFs) are evolutionary well conserved polypeptides with an approximate molecular mass of 7.5 kDa. The most abundant forms are IGF-I and -II. They are detectable both in circulation and in tissues, mainly associated to IGF-binding proteins. Most cell types have the ability to produce IGFs although the main site of production is the liver. Upon stimulation several cell types, including monocytes and mitogen-stimulated T cells, display an enhanced production of IGF-I (for excellent reviews see refs. [12] [13] [14] . Functionally, IGFs have been shown to affect cell metabolism (e.g., glucose) and to be an important endocrine growth and differentiation factor in inflammation, immune activation, and wound healing (14) (15) (16) . In the skin it is possible to detect a constitutive production of IGF-I, and an increase in the mRNA level of IGF-I at the site of the lesion has been reported when a wound is inflicted (17) . In the macrophages, habitat of Leishmania amastigotes, immunoreactive IGF-I has been detected (18) . Therefore, it is likely that IGF-I is one of the first growth͞growth-inducing factors that the Leishmania promastigotes encounter in the skin soon after their transmission and that amastigotes interact with within the macrophages. We have shown previously that IGF-I but not IGF-II induces a growth response of promastigotes of several species of Leishmania (19) . In the present report we have extended these studies and show that IGF-I also induces a growth response in Leishmania amastigote-like forms. IGF-I has a relatively high specific binding to both forms and induces a stage-specific phosphorylation of tyrosine residues of respective parasite proteins. Finally, we show that Leishmania promastigotes preactivated with IGF-I greatly enhance the size of the lesion and the number of intact parasites when injected in vivo.
MATERIALS AND METHODS
Mice. Six-to 10-week-old inbred BALB͞c strain mice of both sexes were obtained from our own breeding facility at the Medical School at the University of Sao Paulo, Brazil.
Parasites. Leishmania (Viannia) panamensis (HSJD-1 strain) (20) and Leishmania (Leishmania) amazonensis (IOC-L l85 strain, WHOM͞BR͞OO͞LTBOOl6) were used. The established axenic culture of amastigote-like forms of Leishmania (Leishmania) mexicana (MNYC͞BZ͞62͞M379), originally from D. G. Russel's laboratory (Washington University School of Medicine), was kindly provided by S. C. Alfieri (University of Sao Paulo) (21) . Leishmania (Leishmania) mexicana promastigotes were derived from this strain. The promastigotes were maintained in NNN medium overlayered by RPMI 1640 medium (GIBCO) with 10% heat-inactivated fetal calf serum (FCS) (WL. Imunoquímica, Rio de Janeiro, Brazil) at 25°C, with periodical passage in BALB͞c mice. The parasite culture was expanded in RPMI 1640 medium with 10% FCS and grown until stationary phase for experiments. After washing, for injection in mice the concentration was adjusted to 2 ϫ 10 8
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact. parasites per ml in RPMI 1640 medium. The amastigote-like forms were maintained at 33°C in M-54 medium, pH 6.0, consisting in medium 199 with Hanks' salts (GIBCO͞BRL) supplemented with 2.5 mg͞ml glucose͞5 mg/ml trypticase͞750 g/ml L-glutamine͞20 g/ml hemin͞5 g/ml gentamicin͞20% of heat-inactivated FCS and 25 mM Hepes (21) .
Reagents. Recombinant human IGF-I and -II, produced in Escherichia coli, was a kind gift from M. Lake, KabiPharmacia, Sweden (for details on purification see ref. 15) 14 C-Rainbow molecular weight markers were purchased from Amersham. Phenylmethylsulfonyl fluoride, aprotinin, leupeptin, sodium pyrophosphate, sodium fluoride, sodium orthovanadate, tris(hydroxymethyl)aminomethane (Tris), Triton X-100, and BSA RIA grade (with no detectable amounts of IGF contamination as determined by a radioreceptor assay; Daniel Gianella Neto, personal communication) were from Sigma. Enzymobeads for lactoperoxidase labeling were purchased from Bio-Rad. Mouse monoclonal anti-phosphotyrosine IgG3 antibody secreted by the hybridoma cell line FB2 and purified by affinity chromatography (22, 23) Radioiodination. When commercial 125 I-IGF-I was not available, 0.5 g of recombinant IGF-I was labeled with 0.5 mCi 125 I by lactoperoxidase using Enzymobeads according to the protocol supplied by the manufacturer (Bio-Rad). The labeling resulted in a specific activity of 30-40 Ci͞g, and the free 125 I represented less than 1% as determined by trichloroacetic acid precipitation.
Determination of IGF-I Binding to Parasites. Homologous displacement was performed essentially as described in ref. 25 . To each tube containing 1 ml of 6 ϫ 10 6 L.(L.) mexicana promastigotes or amastigote-like forms in ice-cold buffer (100 mM Hepes͞120 mM NaCl͞5 mM KCl͞1.2 mM MgCl 2 ͞1 mM EDTA͞0.2% BSA, pH 7.4) 25 l of 0.6 nM 125 I-IGF-I was added in the absence or in the presence of increasing amounts of unlabeled IGF-I ligand and left overnight at 4°C. After incubation the samples were immediately centrifuged at 10,000 ϫ g for 3 min, the supernatants were collected, and the pellet was washed twice with ice-cold PBS, resuspended in 0.2 M NaOH, and incubated for 1 hr at 37°C with mild agitation. Both the supernatants and the lysates were measured for radioactivity in a gamma counter (Beckman). The data were analyzed by the LIGAND computer program (24) .
Analysis of Tyrosine Phosphorylation. Detection of tyrosine phosphorylation was done essentially as described in refs. 22 and 24. L. (L.) mexicana promastigotes or amastigotelike forms (2 ϫ 10 8 parasites͞ml) were stimulated with IGF-I (50 ng͞ml) for 1, 5, and 25 min in RPMI 1640 medium in the presence of 4% FCS. The parasites then were lysed in 1 ml of lysis buffer (20 mM Tris⅐HCl, pH 7.4͞10 mM sodium pyrophosphate͞50 mM sodium fluoride͞2 mM sodium orthovanadate͞1 g/ml leupeptin͞1 g/ml aprotinin͞1 M phenylmethylsulfonyl fluoride͞1% Triton X-100) for 30 min on ice. Thereafter, the solubilisates were centrifuged at 12,000 ϫ g for 10 min, and an aliquot of the supernatants was adjusted to the same protein concentration and separated on a 7% SDS͞ PAGE gel under reducing conditions. Then the proteins were electrotransferred by using a semidry blotter (Bio-Rad) onto nitrocellulose membranes (GIBCO), blocked for 2 hr with 5% BSA in 20 mM Tris-buffered saline (TBS), pH 7.4, and thereafter incubated with 5 g͞ml of a monoclonal antiphosphotyrosine antibody for 18 hr. After extensive washing with TBS͞0.05% Triton X-100, 4 Ci of 125 I-protein A was added and allowed to react for 1 hr. The membranes again were washed extensively, and the bands representing tyrosinephosphorylated proteins were detected by autoradiography by using X-Omat-AR film (Kodak) and cassette with enhancing screen (Amersham). Laser densitometric analysis was done by using an Ultrascan XL (LKB).
Analysis of the in Vivo Effect of IGF-I. L. (V.
) panamensis promastigotes were preincubated with or without 50 ng͞ml of IGF-I in PBS for 5 min. Thereafter, 10 7 stationary phase promastigotes in 50 l were injected in the right hind-footpad of age-and sex-matched BALB͞c mice (five in each group). The growth of the lesion was monitored at indicated time points by measuring the thickness of the footpad using a dial caliper (Mitsutoyo, Tokyo, Japan). The contralateral footpad of each animal injected with PBS represented the control value and the swelling calculated as: thickness of the right footpad Ϫ thickness of the left footpad. The data were analyzed by Mann-Whitney test.
Quantitative Morphometric Analysis. At 24 and 48 hr and 7 and 30 days postinfection (PI), five animals from each group were killed and the specimens from the inoculation site were taken for quantitative morphometric analysis. The skin specimens were fixed in 0.01 M phosphate-buffered 4% paraformaldehyde and embedded in plastic resin (Technovit 7100). Semithin sections (1 m) were obtained in 11800 Pyramitone (LKB) and stained with hematoxylin-eosin. The morphometric analysis was made on three different levels of semithin section per animal by using a graticule eyepiece in an area of 0.01 mm 2 with an Olympus planapochromatic immersion objective lens (ϫ100). In these levels 900 cells were counted, where each cell type constituted at least 10% of the total to keep the relative SE below 0.1% as detailed in ref. 25 . Samples from five experimental animals were analyzed in each of these points, and the data were submitted to the Mann-Whitney test.
RESULTS
In Vitro Growth Response of Leishmania Amastigotes to IGFs. We have shown previously the growth-inducing effect of recombinant IGF-I (but not IGF-II) on various Leishmania promastigotes (19) . To analyze whether amastigotes could respond to IGF-I or -II we used cell-free amastigotes or so-called amastigote-like forms derived from the promastigotes of L. (L.) mexicana and adapted to axenic culture conditions (21) . These amastigotes showed a growth response similar to the promastigotes as shown both by [ 3 H]thymidine incorporation and actual increase in the parasite number (Fig.  1 A-C) . As for promastigotes, this growth-inducing effect was observed under suboptimal concentration of fetal calf serum, i.e., concentration where no spontaneous proliferative response occurs. The growth response occurred during the first 24 hr in both promastigotes and amastigote-like forms, and no further growth was detected in the following 24 hr (data not shown). Table 1 and show a remarkably high number of specific receptors for IGF-I. The analysis showed a single-site binding for IGF-I on both promastigotes and amastigote-like forms.
Analysis of Specific Binding of IGF-I to
IGF-I-Mediated Tyrosine Phosphorylation in Leishmania Promastigotes and Amastigote-Like Forms. To further strengthen the link between IGF-I and the induced proliferative response in Leishmania parasites we studied the timedependent induction of protein phosphorylation occurring at the tyrosine residues upon stimulation with IGF-I for 1-25 min. This was done by immunoblotting parasite proteins with a mAb recognizing phosphotyrosine. IGF-I induced tyrosine phosphorylation of proteins both in promastigotes and amastigote-like forms of L. (L.) mexicana from 1-min stimulation. Promastigotes and amastigote-like forms showed different phosphorylation patterns. Promastigotes showed strong tyrosine phosphorylation of a 185-kDa protein and some lesspronounced lower-molecular-mass bands while amastigotelike forms showed tyrosine phosphorylation of 60-and 40-kDa proteins ( Fig. 3 A and B) . (21, 26) . We infected susceptible BALB͞c mice with L. (V.) panamensis with or without IGF-I. This was done by preincubating and preactivating the parasite with IGF-I (50 ng͞ml) for 5 min before injection in the hind footpad. This procedure resulted in significantly increased foot swelling from 21 days and onward postinfection. One of two independent experiments showing a significant difference between the IGF-Iactivated Leishmania-injected and control groups is shown in Fig. 4 . We also made morphometric analysis in the skin lesions in the acute phase at 24 and 48 hr PI and later at 7 and 30 days PI. Counting the number of intact parasites͞0.01 mm 2 , the density of parasites was higher in mice injected with IGF-Iactivated parasites (Fig. 5 ).
DISCUSSION
Directly after transmission into the vertebrate host, the Leishmania promastigotes encounter drastic changes of physiological nature, such as changes in temperature and pH, and a highly oxidative milieu (ref. 27 ; R. Chebabo, unpublished data). The parasite also will encounter host-derived humoral factors, including growth factors (5, 7) , that can be beneficial for the host leading to the elimination of the parasites, but it is also possible that they can directly or indirectly favor the parasite survival in the initially hostile host environment. IGFs, particularly IGF-I, could belong to this category of factors since IGF-I is an evolutionary well conserved polypeptide, constitutively present in the skin, and known to be associated with inflammation and wound healing (12) (13) (14) (15) (16) (17) . Moreover, the effect of IGFs has been reported on the protozoan Giardia lamblia (28) and on cells from primitive vertebrates such as Cottus scorpius (sea scorpion), Raja clavata (ray), and Myxine glutinosa (Atlantic hagfish) (29) . Further- The values were obtained from the computer program LIGAND as described in Materials and Methods. more, we previously have analyzed and shown the growthinducing effect of IGF-I on promastigotes of different species of Leishmania (19) .
In this study we extended our previous observation analyzing the effect of IGF-I on amastigotes and also how parasites already stimulated by IGF-I would behave during an experimental infection in vivo.
In the presence of suboptimal concentrations of fetal calf serum, IGF-I but not IGF-II could induce a rapid growth response of Leishmania amastigote-like forms in vitro as it could of promastigotes. The amastigote-like forms used here are very similar to amastigotes directly taken from the lesion, and it has been shown that they induce cutaneous lesions in mice (30) . In G. lamblia it was shown that IGF-II induced a growth response while IGF-I was inert; however, both showed the capacity to bind to the parasite (28) . We cannot completely rule out the effect of IGF-II on Leishmania under circumstances not tested here, but the difference may reflect species or phylogenetic differences.
Both amastigotes and promastigotes showed a strong specific binding of IGF-I through a single-site putative receptor of IGF-I. The strength of their binding is comparable to that of IGF-I to erythrocytes (31) , fibroblasts, and smooth muscle cells (D. Gianella Neto, unpublished data).
IGF-I could induce a rapid tyrosine phosphorylation of a number of proteins in L. (L.) mexicana promastigotes and amastigotes. Reports on phosphorylation-dependent signaling in protozoas and particularly in Leishmania are still sparse and mainly show differences in the total phosphorylation pattern in various species of Leishmania promastigotes depending on whether the growth phase is stationary or exponential (32) . In the study presented here and also by us in ref. 23 , a single specific ligand (IGF-I) is used to study the tyrosine phosphorylation in Leishmania. One of the more prominent phosphorylation occurred at the protein of 185 kDa in promastigotes, and it represents a hitherto nonreported tyrosine-phosphorylated molecule in Leishmania. This is interesting because it corresponds in molecular mass to the molecule described in mammalian cells as an endogenous substrate for the IGF-I and insulin receptor, the insulin receptor substrate-1 (33, 34) . The tyrosine phosphorylation of proteins in the amastigote-like forms upon IGF-I stimulation was shown to be different and occurred at 60-and 40-kDa proteins. The 60-and 40-kDa proteins also were present in the control sample from nonstimulated amastigotes and could represent autophosphorylating molecules or could reflect the experimental difficulties in achieving completely synchronized and quiescent parasites. However, stimulation with the IGF-I led to a significantly increased phosphorylation as shown by laser densitometry. Interestingly, an autophosphorylating protein kinase of 60 kDa has been described in Trypanosoma brucei (35) . The difference in phosphorylation pattern found between promastigotes and amastigote-like forms could reflect evolutionary adaptation to different environments of the parasites, i.e., promastigotes for the extracellular and the amastigotes for the intracellular milieu. The use of the same strain of Leishmania for the study on promastigote and amastigote-like forms strengthens the significance of this difference in pattern. Similar cell cycledependent differences in the tyrosine-phosphorylation pattern in protozoa has been described in T. brucei (36, 37) . A more detailed study and discussion on the IGF-1-mediated phosphorylation of Leishmania parasites is published in ref. 23 .
The exact mode of action of IGF-I to induce proliferation of Leishmania promastigotes and amastigotes in vitro has to be elucidated. Here we present evidence for an IGF-I-induced sequential event starting with an initial binding, induction of intracellular signaling through tyrosine phosphorylation, and increase in both DNA synthesis rate and number of parasites. The requirement for suboptimal levels of FCS points to the previously suggested endocrine role of IGF-I, in which IGF-I induces expression of receptors for other growth or activation factors (12) (13) (14) (15) .
To test the hypothesis that IGF-I could activate the parasites directly when entering in the host at the site of infection and thus influence the outcome of the infection, the in vivo experiment was designed to make the challenge with parasites already activated with a physiological dose of IGF-I. Two independent experiments showed that Leishmania promastigotes preactivated with IGF-I induced a significantly bigger lesion. The actual increase in the number of intact parasites also observed suggests that IGF-I may have induced a rapid proliferative response of the parasites and thus would have increased the number of available and infectious parasites. An alternative mechanism could be an increase of the virulence of the parasites by altering or inducing surface molecules (e.g., lectin-like) or the induction of mechanisms that prevent parasite death, as in the case of granulocyte-macrophage colonystimulating factor (6) .
The in vitro data showing a specific response of the Leishmania amastigotes indicate that IGF-I also may affect later stages of the infection. The operational mechanisms for such an intracellular effect remain unclear. Intracellular IGF-I in macrophages detected by immunohistochemistry have been reported (18) . Whether extracellular IGF-I also can reach the parasitophorous vacuole, however, remains speculative. A similar in vitro effect on facultative intracellular Mycobacteria by epidermal growth factor has been described (38) .
Thus, we conclude that IGF-I with a growth-inducing effect on Leishmania parasites in vitro and effect on the course of infection in vivo may constitute another important pathogenic factor in leishmaniasis.
